The human interferon-inducible IFI16 protein, an innate immune sensor of intracellular DNA, was recently demonstrated to act as a restriction factor for human cytomegalovirus (HCMV) and herpes simplex virus 1 (HSV-1) infection by inhibiting both viral-DNA replication and transcription. Through the use of two distinct cellular models, this study provides strong evidence in support of the notion that IFI16 can also restrict human papillomavirus 18 (HPV18) replication. In the first model, an immortalized keratinocyte cell line (NIKS) was used, in which the IFI16 protein was knocked down through the use of small interfering RNA (siRNA) technology and overexpressed following transduction with the adenovirus IFI16 (AdVIFI16) vector. The second model consisted of U2OS cells transfected by electroporation with HPV18 minicircles. In differentiated IFI16-silenced NIKS-HPV18 cells, viral-load values were significantly increased compared with differentiated control cells. Consistent with this, IFI16 overexpression severely impaired HPV18 replication in both NIKS and U2OS cells, thus confirming its antiviral restriction activity. In addition to the inhibition of viral replication, IFI16 was also able to reduce viral transcription, as demonstrated by viralgene expression analysis in U2OS cells carrying episomal HPV18 minicircles and HeLa cells. We also provide evidence that IFI16 promotes the addition of heterochromatin marks and the reduction of euchromatin marks on viral chromatin at both early and late promoters, thus reducing both viral replication and transcription. Altogether, these results argue that IFI16 restricts chromatinized HPV DNA through epigenetic modifications and plays a broad surveillance role against viral DNA in the nucleus that is not restricted to herpesviruses.
M
any recent studies point to the importance of cell-type-and host-specific expression of antiviral factors in limiting viral infection (1) (2) (3) (4) . Some of the very early antiviral responses include the activation of intrinsic restriction factors at high enough levels to inhibit the first stages of viral replication. Such factors include proteins that localize to the nucleus and mediate the transcriptional repression of viruses that replicate within this subcellular compartment (5) (6) (7) (8) (9) . Many restriction factor genes are also interferon (IFN)-stimulated genes, consistent with the fundamental role of this class of genes in antiviral responses (10) (11) (12) (13) (14) .
Human hematopoietic interferon-inducible nuclear proteins with a 200-amino-acid repeat (HIN200) domain-containing proteins, AIM2, IFI16, myeloid cell nuclear differentiation antigen (MNDA), and IFIX, have long been known to be transcriptional regulators involved in apoptosis, autoimmunity, and cell cycle regulation and differentiation (reviewed in references 15 and 16) . Recently, a role in microbial DNA sensing was also found for AIM2 and IFI16 (17) (18) (19) (20) (21) (22) . The latter is predominantly nuclear, although it has been shown to translocate to the cytoplasm following the recognition of certain stimuli, including viral infections and UVB irradiation, while AIM2 is usually cytoplasmic (23) (24) (25) . Both AIM2 and IFI16 contain pyrin and HIN domains (PYHINs); they can associate with ASC and other proteins through their pyrin domains and with DNA in the cytoplasm (AIM2) or in the nucleus (IFII16) through their HIN200 domains (9, 17, (25) (26) (27) . IFI16 cooperatively binds double-stranded DNA (dsDNA) in a length-dependent manner and clusters into distinct protein filaments through the pyrin domain, even in the presence of excess dsDNA (28) . Moreover, IFI16 has been demonstrated to interact directly with STING in a DNA-dependent manner, leading to the recruitment of TBK1, IRF3 activation, and the stimulation of beta interferon (IFN-␤) production (17, (29) (30) (31) .
We recently demonstrated that the replication of some herpesviruses, in particular, human cytomegalovirus (HCMV), is significantly enhanced in the absence of functional IFI16 (32) . We showed that IFI16 acts as a restriction factor for HCMV infection by inhibiting both viral-DNA replication and transcription. In order to exert its antiviral activity, IFI16 binds to and displaces the Sp1 transcription factor interacting with the responsive IR-1 element present in the HCMV UL54 promoter. Sp1 detachment from its DNA cognate element was found to lead to a decrease in HCMV DNA synthesis and, as a consequence, the inhibition of virus replication.
IFI16 can also restrict herpes simplex virus 1 (HSV-1) replication by repressing viral-gene expression independently of its roles in the immune response. Using a permanently IFI16-negative cell line that we generated, we demonstrated that IFI16 reduces the association of important transcription factors on HSV-1 promoters and promotes global histone modifications by increasing the markers for repressive chromatin and decreasing the markers for activating chromatin on viral and cellular genes (33) .
The finding that the nuclear DNA sensor IFI16 controls virus growth was fundamental in advancing our understanding of the intrinsic mechanisms that drive viral infections sustained by DNA viruses that replicate in the nucleus, such as herpesviruses. Human papillomaviruses (HPV) are small nonenveloped dsDNA viruses that selectively infect keratinocytes in stratified epithelia of both skin and mucosa (34, 35) . Like herpesviruses, they replicate in the nucleus, and their target cells-keratinocytes-constitutively express IFI16, endowing the cells with the ability to control HPV replication through IFI16 activity (23, 36) .
In the present study, we examined the role of IFI16 in controlling human papillomavirus 18 (HPV18) replication in primary human keratinocytes (NIKS) and U2OS cells. The latter is a human osteosarcoma cell line that provides an invaluable cellular assay system for the study of HPV genome replication due to its unique ability to support the transient and stable replication of HPV (37) . Using small interfering RNA (siRNA) technology, we show that IFI16 protein knockout in NIKS cells results in increased viral replication. Accordingly, IFI16 overexpression by recombinant adenovirus infection decreased both viral-DNA copy numbers and transcription in NIKS and U2OS cells. IFI16 restriction activity was also observed in U2OS cells with gene-edited IFI16 with CRISPR (clustered regularly interspaced short palindromic repeat) (IFI16 knocked out). Finally, we provide evidence indicating that IFI16 overexpression results in changes in viral chromatin structure that lead to the generation of a repressive state at both early and late HPV18 promoters, implicating the protein in epigenetic regulation of HPV gene expression and replication.
MATERIALS AND METHODS
Cell culture, plasmids, and transfection. The NIKS cell line (Stratatech Corporation, Madison, WI, USA) was cultured in the presence of J2 3T3 fibroblast feeders that were maintained at low passage numbers in selected growth medium-Ham's F-12 medium-Dulbecco's modified Eagle's medium (DMEM) (3:1) supplemented with 2.5% fetal bovine serum (FBS), 0.4 g hydrocortisone per ml, 8.4 g cholera toxin per ml, 5 g insulin per ml, 24 g adenine per ml, 10 g epidermal growth factor per ml, 100 units penicillin, and 100 g streptomycin per ml (F medium)-in the presence of mitomycin C-treated feeders. U2OS, HeLa, and C33A cells were grown in DMEM (Life Technologies Italia, Monza, Italy) supplemented with 10% FBS (Sigma-Aldrich, Milan, Italy).
To prepare the religated genomes, the HPV18 genome was released from the pBluescript vector by EcoRI digestion. Linear genomes were gel purified, recircularized using a dilute ligation reaction, and introduced into NIKS cells by cotransfection with a blasticidin-resistant plasmid using Effectene transfection reagent (Qiagen Srl, Milan, Italy), as previously described (38) . Following treatment with blasticidin (5 g/ml for 1 week), resistant colonies were pooled, expanded, and named NIKS-HPV18. Differentiation was induced with 1.5% methylcellulose as previously described (39) .
HPV18 minicircle viral genomes were produced as previously described (40) .
U2OS-HPV18 cells were obtained by electroporation of U2OS cells with a Microporator MP-100 (Life Technologies Italia) with 0.7 g of HPV18 minicircles according to the manufacturer's instructions (1,230 V; 10-ms pulse width; 4 impulses).
For luciferase assays, cells were transfected using Effectene transfection reagent (Qiagen) according to the manufacturer's instructions. After 24 h, the cells were infected with adenovirus IFI16 (AdVIFI16) or the control indicator plasmid AdVLacZ (multiplicity of infection [MOI], 30 PFU/ml), and 24 h later, luciferase activity was measured using the Dual Luciferase Reporter Assay System kit (Promega Italia, Milan, Italy) on a Lumino luminometer (Stratec Biomedical Systems, Birkenfeld, Germany), as previously described by Baggetta et al. (41) .
pGL4-LCRHPV18 (Addgene plasmid 22859) has been previously described (42) . The pGL4-LCRHPV18 Sp1 mutant was generated by sitedirected mutagenesis using pGL4-LCRHPV18 as a template for amplification by PCR and the following primers: mutSp1fw, 5=-ATATAAAAAA ACTAGTAACCGAAAAC-3=, and mutSp1rev, 5=-GTTTTCGGTTACTA GTTTTTTTATAT-3=. The underlined bases represent the introduced mutations to the Sp1 binding site, which abolish Sp1 binding as described by Hoppe-Seyler and Butz (43) . The sequence of the plasmid construct was confirmed by automated sequencing to ensure the designated mutations were successfully introduced.
For the inhibition of IFI16 expression, NIKS cells were transiently transfected using a Microporator according to the manufacturer's instructions (1,350 V; 30-ms pulse width; single impulse) with a pool of IFI16 small interfering RNAs or control siRNA (siCtrl) as a negative control (final concentration, 300 nM; Qiagen). The IFI16 siRNA sequences are available upon request. IFI16 siRNA-induced blockade was checked by immunoblotting with rabbit anti-IFI16 antibodies and by real-time PCR.
IFI16-null U2OS clone 67 cells. IFI16-negative U2OS cells were maintained in DMEM supplemented with 10% FBS and 5% penicillin-streptomycin. Their generation has been described by Johnson et al. (clone 67) (33) . Briefly, a guided RNA plasmid was constructed with target sequence GAAAAGTTCCGAGGTGATGCTGG within a guided RNA scaffold (44) in pGEMT, using NheI sites. Using Lipofectamine LTX and Plus reagent (Life Technologies), U2OS cells were transfected with 3 plasmids carrying guide RNA, Cas9 (Addgene plasmid 41815), and green fluorescent protein (GFP) at a ratio of 4:1:1, respectively. At 48 h posttransfection, GFPpositive cells were sorted individually into 96-well plates containing complete growth medium. Lack of IFI16 expression in each clone was screened by dot blotting and confirmed by Western blotting.
Adenoviral vectors and infection.
The adenovirus transfer vector pAC-CMV IFI16 was constructed as described previously (45) . For cell transduction, postconfluent NIKS-HPV18, HeLa, U2OS-mcHPV18, and C33A cells were washed once with phosphate-buffered saline (PBS) and incubated with AdVIFI16 or AdVLacZ at an MOI of 30 in F medium or DMEM. After 2 h at 37°C, the virus was washed off and fresh medium was applied.
Immunoblotting. Whole-cell protein extracts were prepared and subjected to immunoblot analysis as described previously (45) . Rabbit polyclonal anti-C-terminal IFI16 antibodies (diluted 1:1,000) were used, with monoclonal antibody (MAb) against ␣-tubulin (39527; Active Motif; 1:4,000) as a control for protein loading. Immunocomplexes were detected using sheep anti-mouse or donkey anti-rabbit immunoglobulin antibodies conjugated to horseradish peroxidase (GE Healthcare Europe GmbH, Milan, Italy) and visualized by enhanced chemiluminescence (Super Signal West Pico; PierceThermo Fischer Scientific, Rockford, IL, USA). Images were acquired, and densitometry of the bands was performed using Quantity One software (version 4.6.9; Bio-Rad Laboratories). Densitometry values were normalized using the corresponding loading controls.
Quantitative nucleic acid analysis. Real-time quantitative reverse transcription (qRT)-PCR analysis was performed on an Mx3000P apparatus (Agilent Technologies Italia, Milan, Italy). Total RNA was extracted using a NucleoSpin RNA kit (Macherey-Nagel GmbH, Düren, Germany), and 1 g was retrotranscribed using a RevertAid H Minus First Strand cDNA synthesis kit (Fisher Scientific Italy, Milan, Italy). Reverse-transcribed cDNAs were amplified in duplicate using SsoAdvanced Universal SYBR green Supermix (Bio-Rad Laboratories Srl, Milan, Italy) for viral genes, as well as cellular genes. The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) housekeeping gene was used to normalize for variations in cDNA levels. Total cellular DNA was isolated from cells with TRI Reagent (Sigma-Aldrich). A 600-ng DNA sample was digested with DpnI to remove the unreplicated input DNA. After digestion, 15 ng was analyzed by quantitative PCR (qPCR) using 10 nM primers and SsoAdvanced Universal SYBR green Supermix (Bio-Rad Laboratories Srl). The reaction conditions consisted of a 15-min 95°C activation cycle, 40 cycles of 10 s denaturation at 95°C and 30 s annealing at 60°C, and elongation at 72°C for 10 min. Copy number analysis was completed by comparing the unknown samples to standard curves of linearized HPV18 DNA. The GAPDH DNA copy number was used as an endogenous control. The primer sequences are available upon request. The specificity of the L2 primers was tested in nontransfected cells where no amplification occurred.
Nuclear extract isolation and EMSA. Nuclear extracts were obtained using a Nuclear Extract kit (Active Motif) according to the manufacturer's instructions, and an electrophoretic mobility shift assay (EMSA) was carried out as previously described (46) . Briefly, nuclear extracts (15 g of protein) were incubated in binding buffer (10 mM Tris-HCl [pH 7.5], 50 mM NaCl, 0.5 mM EDTA, 0.5 mM dithiothreitol, 1 mM MgCl 2 , 5% glycerol) containing 2 g of poly(dI-dC) and the 32 P-labeled doublestranded Sp1 consensus oligonucleotide (Promega). Unlabeled 30-bp annealed oligonucleotide was added as competitor DNA in 100-fold molar excess above the level of the probe. The oligonucleotide probe was labeled with [␥-32 P]ATP (PerkinElmer Italia) and T4 polynucleotide kinase according to the manufacturer's protocol and finally column purified on G-25 Sephadex (Bio-Rad Laboratories). Complexes were analyzed by nondenaturing 4% PAGE, dried, and detected by autoradiography.
ChIP assay. The suitability of each antibody (Ab) for the chromatin immunoprecipitation (ChIP) assay was confirmed by immunoprecipitation-Western blotting (data not shown). ChIP assays were performed using the Shearing Optimization kit and the OneDay ChIP kit (Diagenode Europe, Seraing, Belgium). Extracts were sonicated using the BioruptorH Twin (Diagenode) for 10 cycles (30 s on and 30 s off) at the high power setting. Immunoprecipitation was performed with 2 g of unmodified histone H3 (catalog number 06-755), acetyl-histone H3 (catalog number 06-599), dimethyl-histone H3 (Lys4; catalog number 07-030), and dimethyl-histone H3 (Lys9; catalog number 07-441), all purchased from Merck Millipore (Merck Millipore SpA, Milan, Italy). DNA solution (1 l/reaction) was used for qPCR. Threshold cycle (C T ) values for the samples were equated to input C T values to give percentages of input for comparison. The primers used to amplify the long control region (LCR) and the p811 promoters are available upon request. Ten microliters of each sample (corresponding to 10% of input) were loaded and immunoblotted with anti-H3 antibody to verify equal loading.
Southern blot analysis. Total genomic DNA was prepared by suspending the cell pellet in lysis buffer (400 mM NaCl, 10 mM Tris-HCl [pH 7.4], 10 mM EDTA) and digesting with RNase A (50 g/ml) for 1 h at 37°C, followed by incubation with proteinase K (50 g/ml) and 0.2% sodium dodecyl sulfate (SDS) at 37°C overnight. Five micrograms of genomic DNA was digested with DpnI to remove any residual input DNA and with HindIII (with no restriction site in HPV18) or DpnI and EcoRI (with a single restriction site in HPV18 or two restriction sites in HPV18 minicircles) to linearize HPV DNA. The digested DNA was separated on a 0.8% agarose gel, agitated in 0.25 N HCl for 20 min, and then transferred to a Hybond-XL membrane, using the alkaline transfer method as instructed by the manufacturer (GE Healthcare). The HPV18 probe was synthesized using 25 ng of the HPV genome released from pBS-HPV18 by EcoRI digestion, followed by gel purification. The HPV18 fragment was subjected to random-prime labeling by using Ready-To-Go DNA Labeling Beads (without dCTP) (GE Healthcare) and 5 l of [␣-
32 P]dCTP (3,000 Ci/mmol; PerkinElmer Italia SpA, Monza, Italy). The membrane was prehybridized in 6ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-5ϫ Denhardt's solution-0.5% SDS-100 g/ml of denatured salmon sperm DNA; 10 ϫ 10 6 cpm of probe was added to fresh prehybridization solution after heat denaturation and hybridized overnight. The membrane was washed twice in 2ϫ SSC-0.1% SDS at room temperature and once at 65°C for 15 min. If necessary, additional 15-min washes were performed at 65°C in 1ϫ SSC-0.1% SDS and in 0.1ϫ SSC-0.1% SDS. The results were quantitated using a Personal Molecular Imager (PM) System (Bio-Rad) equipped with Quantity One software.
IFN assay and neutralization of type I IFNs. IFN assays were performed by microtitration assay of vesicular stomatitis virus (VSV) cytopathology on human fibroblasts as previously described (47) . Briefly, 3-fold dilutions of samples in DMEM supplemented with 2% fetal calf serum (FCS) were added to cell monolayers. After 16 h of incubation, the medium was removed and the cell monolayers were infected with VSV (strain Indiana) in 1% FCS-DMEM. Titers are expressed in laboratory units. In our system, 1 unit corresponds to 1 international reference unit (NIH standard G-002-9045511; a mixture of leukocyte and fibroblast mouse IFNs). Samples were tested in duplicate. Each experiment was repeated at least three times.
To neutralize the activity of type I IFNs, specific blocking antibodies against the common receptor IFNAR (clone MMHAR-2; PBL Assay Science, Piscataway, NJ, USA) were added to culture media at a concentration of 5 g/ml for 12 h prior to infection with AdV or treatment with poly(I·C) (25 g/ml) and then left in the supernatant until the end of the respective experiment. Mouse IgG2a (clone MOPC-173; BD Biosciences Europe, Milan, Italy) was used as an isotype control.
FISH and immunofluorescence analysis. To perform fluorescence in situ hybridization (FISH) coupled with immunofluorescence analysis, cells were grown on microscope slides, fixed with 4% paraformaldehyde, and permeabilized with 0.5% Triton X-100 in PBS for 20 min at 4°C. FISH probe was generated by using Biotin Nick Translation Mix (Roche Diagnostics SpA, Monza, Italy) according to the manufacturer's protocol with the HPV18 full-length genome as a template. The samples were then sequentially dehydrated in a series of ethanol washes (70%, 90%, 95%, and 100% ethanol) and air dried. The probe was added to the hybridization buffer (50% formamide in 5ϫ SSC, 0.1% Tween 20, and 0.2 ng/l yeast tRNA) at a concentration of 2 ng/l and then incubated at 72°C for 5 min in order to denature the probe and the sample. Hybridization was performed overnight at 37°C in a humidified chamber. After stringent washing, the cells were blocked with 10% normal goat serum, incubated with monoclonal anti-IFI16 antibody (clone 1G7; Santa Cruz Biotechnology, Heidelberg, Germany; 1:100) for 1 h at room temperature in 5% normal goat serum, washed, and incubated with Alexa Fluor-conjugated secondary antibody for 1 h in PBS. HPV18 probe was simultaneously detected using a Tyramide Signal Amplification kit, according to the manufacturer's instructions (PerkinElmer Life and Analytical Sciences Inc.). The coverslips were mounted with Vectashield mounting medium (Vector Laboratories Ltd.), and the cells were visualized with a Leica TCS SP2 confocal microscope equipped with a UV laser (351 to 364 nm) and an argonkrypton laser (457 to 675 nm) (Leica Microsystems Srl), using a 63ϫ oil immersion objective, numerical aperture (NA) 1.4.
Statistical analysis. All statistical tests were performed using GraphPad Prism version 5.00 for Windows (GraphPad Software, San Diego, CA, USA). The data are presented as means Ϯ standard deviations (SD). For comparisons consisting of two groups, means were compared using twotailed Student's t tests; for comparisons consisting of three groups, means were compared using one-way or two-way analysis of variance (ANOVA) with Bonferroni's posttest. Differences were considered statistically significant at a P value of Ͻ0.05.
RESULTS
The IFI16 protein is a restriction factor of HPV18 replication in NIKS cells. To study HPV replication and gene expression in the context of the viral life cycle, linear 8-kb HPV18 genomes were recircularized using a dilute ligation reaction mixture and introduced into the isogenic keratinocyte cell line (NIKS) by cotransfection with a blasticidin-resistant plasmid. Following selection, colonies were expanded, pooled, and used for the experiments approximately 1 month after transfection. To confirm the episomal status of HPV18, harvested DNA from pooled cells (passage 4) was digested with DpnI (to remove any residual input DNA) and HindIII (DpnI/HindIII [D/H]) (with no restriction site in HPV18) or DpnI and EcoRI (DpnI/EcoRI [D/E]), cutting the HPV genome once to linearize the viral DNA, and then subjected to Southern blot analysis with an HPV18 probe, as shown in the representative blot in Fig. 1A . With D/H-digested DNA, a pattern of migration was observed for HPV18 sequences that was consistent with open circular and supercoiled forms of episomal DNA (48) . Digestion with EcoRI resulted in all hybridizing species migrating at the position of the ϳ8-kb linearized nonintegrated HPV genome as the linearized pBluescript-HPV18 plasmid digested with EcoRI (Fig. 1A , lane St). The copy number of HPV18 present in pooled cells was estimated to be 10 copies per nucleus by comparison with standards. The viral-load number was also confirmed to be in the range of 10 genomes/cell by qPCR with primers designed to amplify a short fragment that spanned two DpnI sites in the L2 gene and therefore amplified DpnI-resistant viral DNA only. For IFI16 silencing, these cells were transfected with either pools of siRNAs targeting IFI16 or an siRNA control and 24 h later transferred into methylcellulose medium for 72 h to allow differentiation. Suspension of keratinocytes in semisolid medium recapitulates the differentiation process required for HPV life cycle completion and viral-DNA replication (39) . To determine the efficiency of siRNA depletion, protein lysates were harvested and analyzed by Western blotting. As shown in Fig. 1B (top) , the IFI16 protein was reduced ϳ80% in IFI16 siRNA-treated NIKS-HPV18 cells compared with siCtrl-treated cells. Total cellular DNA was also isolated, DpnI digested, and analyzed for viral replication by qPCR. Compared to siCtrl-treated cells, viral-DNA loads were significantly (6-fold) higher in IFI16 siRNA-treated cells (Fig. 1B,  bottom) .
To provide further evidence supporting the physiological relevance of IFI16 in the control of HPV replication, the IFI16 protein was overexpressed by infection with the adenovirus recombinant vector AdVIFI16 or with AdVLacZ as a control at an MOI of 30 in NIKS-HPV18 cells. At 24 h after AdV infection, cells were grown in methylcellulose medium for 72 h and then checked for IFI16 expression at both the mRNA and protein levels. Real-time RT-PCR analysis demonstrated an elevation in IFI16 mRNA that was about 6-fold compared with AdVLacZ-infected cells (Fig. 1C , top left), and quantitation of the Western blot assays showed that 5-fold increases were achieved compared with AdVLacZ-infected cells (Fig. 1C, top right) . As expected for a viral restriction factor, qPCR analysis revealed that the viral-load values were significantly decreased (5-fold) in AdVIFI16-infected cells compared with AdVLacZ-infected cells (Fig. 1C, bottom) .
Altogether, these results demonstrate that reducing IFI16 activity with siRNA increases the rate of HPV replication, whereas overexpression of the full-length protein downregulates HPV replication, indicating IFI16 is a novel restriction factor in the replication cycles of these viruses.
IFI16 overexpression also impairs HPV18 transient replication and transcription in U2OS cells. To increase the efficiency of our HPV replication model, religated HPV18 genomes were replaced with minicircles, which were then electroporated into U2OS cells as previously described by Reinson et al. (40) . Cells were electroporated with HPV18 minicircle DNA and infected at passage 1 with either AdVIFI16 or AdVLacZ, as an internal control, at an MOI of 30, and the IFI16 protein content was monitored by Western blotting. As shown in Fig. 2A , left, IFI16 protein levels started to increase as early as 24 h after AdV infection, and they continued to increase for at least 72 h. Total cellular DNA was also isolated and analyzed for viral replication by qPCR after DpnI digestion. Consistent with the results obtained in NIKS cells, viral-DNA loads were reduced ϳ75% at 24 h after AdVIFI16 infection compared with AdVLacZ-infected cells ( Fig. 2A, right) . This inhibitory effect was maintained at the 48-and 72-h time points, with reductions of about 78 and 97%, respectively, compared to AdVLacZ-infected cells.
To investigate whether IFI16 overexpression would also modulate viral transcription, we analyzed the levels of early and late viral mRNAs, including spliced messages, at different time points after IFI16 transduction by recombinant AdV infection. qRT-PCR analysis for viral transcripts showed they were always reduced in AdVIFI16-infected cells compared with AdVLacZ-infected cells (Fig. 2B ). This inhibitory effect was most evident at 24 and 48 h after AdVIFI16 infection, and the level of viral transcription did not necessarily depend on the number of viral templates available. Despite the strong inhibition observed for the viral L1 and L2 mRNAs at the early time points, their levels increased over those detected in AdVLacZ-infected cells at the 72-h time point in AdVIFI16-infected cells. This change may be related to the reduced availability of the early regulatory genes, leading to altered regulation of the late genes.
These results show that (i) IFI16 overexpression inhibits HPV replication in the U2OS cell replication model, (ii) IFI16 inhibitory activity is not cell type dependent, and (iii) its repressive activity affects viral-mRNA transcription in a manner that is independent of the number of viral templates available for transcription.
IFI16 repressive activity is also functional on the integrated HPV18 genome and the LCR-driven reporter vector. To corroborate the data obtained in the U2OS cell model and definitively exclude the possibility that differences in the levels of viral-gene expression are caused by variations in DNA template availability rather than in IFI16 itself, the inhibitory activity of IFI16 was also tested in HeLa cells carrying the integrated HPV18 genome (49, 50) . Cells were infected with AdVIFI16 or AdVLacZ, as an internal control, at an MOI of 30, and IFI16 protein levels were determined by Western blotting at different time points after AdV infection. As shown in Fig. 3A , the trend in IFI16 protein expression observed in HeLa cells highly resembled that seen in U2OS cells. qRT-PCR analysis for early viral transcripts showed that their expression was significantly lower in AdVIFI16-infected cells than in AdVLacZ-infected cells, especially at 48 h. The observed effect of IFI16 on the integrated HPV genome is consistent with its activity on viral and cellular promoters alongside its interaction with histone modification machinery. Indeed, IFI16 has been demonstrated to induce changes in markers for heterochromatin and euchromatin on viral and cellular promoters (21, 33, 51) .
Next, the pGL4 reporter vector containing the HPV18 LCR region (nucleotides [nt] 6943 to 7857), namely, pGL4LCR18, was transfected into U2OS and C33A cells, as was a vector carrying a mutation in the HPV18 Sp1 binding site. After 24 h, the cells were once again infected with either AdVIFI16 or AdVLacZ, as an internal control, at an MOI of 30, and luciferase activity was assessed following an additional 48 h in order to assess the repressive effect of IFI16 activity on the LCR-driven luciferase reporter vectors. Measurements were normalized to the levels detected with empty pGL4.20 vector, which exhibited detectable luciferase activity above background levels. As shown in Fig. 3B , transfection with HPV18 LCR resulted in similar levels of luciferase activity in the two cell lines, which were 4.5-and 12-fold higher than that of the empty vector, respectively. This basal activity was reduced ϳ2-fold by IFI16 overexpression compared to AdVLacZ-infected cells.
Since we have previously demonstrated that the IFI16 inhibitory activity in the HCMV model is mediated by the displacement of Sp1 binding to its cognate site in the viral DNA polymerase (UL54) promoter (32), transient reporter assays were also performed using an LCR carrying a mutated Sp1 binding site. Consistent with previous findings reporting Sp1 to be a key activator of RNA polymerase II-dependent promoters in HPV (43, 52) , introduction of a mutation into its binding site caused a significant decrease in LCR promoter activity, which was no longer repressed by IFI16 overexpression. These results indicate that the Sp1 binding site could constitute a target of IFI16. Consistent with this hypothesis, the blocking of Sp1 binding to its cognate DNA by IFI16 overexpression was demonstrated by EMSA in AdVIFI16-infected cells (Fig. 3C) , while inconsistent results were obtained when we tried to confirm Sp1 displacement on the HPV promoter by ChIP assay, which was at least partially explained by the low percentage of input obtained with the anti-Sp1 antibodies tested.
Although these findings confirm that the inhibitory action of IFI16 upon HPV18 LCR activity involves the Sp1 binding site, they do not exclude the possibility that other, more general mechanisms of transcription regulation may also exist.
IFI16 promotes heterochromatin association with HPV18 DNA at both early and late promoters. In addition to sequencespecific binding proteins, gene expression is also regulated by changes in chromatin structure through the specific modification of core histones (53) (54) (55) . Modifications, such as the dimethylation of histone H3 lysine 4 (H3K4), are associated with actively transcribing genes, whereas the dimethylation of histone H3 lysine 9 (H3K9) is a mark of heterochromatin. To determine whether IFI16 could mediate the repressive activity described above through changes in HPV18 chromatin structure, we used a ChIP assay to first examine histone association with viral DNA in all three experimental settings described above. Lysates from formaldehyde-fixed cells were subjected to immunoprecipitation using antibodies specific for histone H3, acetylated H3 (AcH3), H3K4, or H3K9. The fraction of viral DNA immunoprecipitated was determined by qPCR. The first primer set used encompassed nucleotides 7823 to 121, which spans the p55 and p102 proximal promoter region (Fig. 4A) (56) . The second set of primers was directed at nucleotides 729 to 850, which correspond to the late p811 promoter region within the E7 open reading frame (ORF) of the virus genome. These two regions are separated by approximately 1 kb; our analysis therefore reflects binding to two distinct regions. Both regions bound acetylated H3 and dimethylated H3K4, indicating that they were in an active chromatin state (Fig.  4B) . Interestingly, the levels of dimethylated H3K4 found to bind to the late promoter region were almost 2-fold higher than those found associated with the sequences around the early promoter. The chromatin states around the early and late HPV18 promoters were very similar in all three cellular models (HeLa, U2OS-mcHPV18, and NIKS-HPV18). To examine whether IFI16 expression could modulate chromatin structure, cells were infected with AdVLacZ or AdVIFI16 for 24 h, formaldehyde fixed, and subjected to chromatin immunoprecipitation with the same set of antibodies (Fig. 4C) . The levels of dimethylated H3K4 bound to the early promoter decreased by 2-fold in AdVIFI16-infected HeLa cells compared to AdVLacZ-infected HeLa cells. A similar trend was found at the late promoter, for which the reduction in AdVIFI16-infected cells was even higher (3.4-fold versus AdVLacZ). AdVIFI16-infected cells had higher levels (3.5-fold) of dimethylated H3K9 at both the early and late promoters than AdvLacZ-infected cells. U2OS-mcHPV18 cells displayed a similar pattern of chromatin structure with a slight reduction in the levels of bound dimethylated H3K4 (especially at the early promoter) and induction of dimethylated H3K9 in IFI16-expressing cells in comparison to control AdVLacZ-infected cells at both promoter sites (5-and 3.6-fold, respectively). The chromatin structure in NIKS-HPV18 cells mirrored that found in U2OS cells, with an ϳ10-fold increase of bound dimethylated H3K9 at both promoters in IFI16-overexpressing cells in comparison with AdVLacZinfected cells. These changes were not the result of increased amounts of viral DNA resulting from amplification, as our analysis was normalized with respect to the levels of HPV18 genomes in the sample.
Together, these results support the hypothesis that IFI16 restricts viral-gene expression by promoting heterochromatin association with viral promoters.
A high rate of HPV18 genome replication in active viral chromatin configuration occurs in IFI16-knocked-out cells, which is strongly inhibited by IFI16 restoration. To prove conclusively that IFI16 exerts restriction activity against HPV18, a gain of function in viral-DNA replication in stable knocked-down cells that could subsequently be inhibited by the addition of IFI16 would have to be demonstrated. To this end, we used a permanently IFI16-negative U2OS cell line (IFI16-null U2OS clone 67 cells), which was generated by CRISPR Cas9-mediated genome editing (33) . These U2OSIFI16null cells, as well as their wild-type (wt) parental cells, were electroporated with HPV18 minicircles, and viral replication was evaluated by qPCR over time. It is known that when using the U2OS cell-based model system, the initial transient-amplification phase develops into the stable maintenance of HPV genomes, which can progress to the secondary amplification phase, when high cell density is achieved. Consistent with this model, at 7 days postelectroporation, HPV18 viral loads underwent an initial amplification that was 20-fold higher in null cells than in the parental cell line and reached very high copy numbers (up to 10 3 copies/cell) (Fig. 5A ). Cultures were then cultivated with regular passaging under subconfluent conditions, and the viral-load values analyzed at different passages revealed drops in their values in both cell lines, but the 4-fold difference between null cells and the parental cell line was maintained over time, at least up to the fifth passage. Altogether, these findings indicate that in the absence of IFI16 restriction activity, viral replication is significantly enhanced.
Next, to verify whether it was possible to restore IFI16 restriction activity, at the second passage after HPV18 electroporation, U2OSIFI16null cells were infected with AdVIFI16 or AdVLacZ and analyzed 24 and 48 h later. As shown in Fig. 5B , Western blot analysis demonstrated the complete restoration of IFI16 expression following AdVIFI16 infection. Viral-load values were also assessed (Fig. 5C) , and the IFI16 repressive activity of the restored protein was very evident, especially at 48 h (about 45% reduction compared to AdVLacZ-infected cells). The reduction in viral replication efficiency was confirmed by Southern blotting in IFI16-transduced U2OS clone 67 cells (Fig. 5D ). In addition, the patterns obtained were consistent with the episomal status of the HPV genomes, as digestion with EcoRI (one site in the HPV genome and one in the linker) gave the expected two bands of 5,113 bp and 2,835 bp (Fig. 5D, lanes 3 and 4) . Finally, viral-gene expression was also analyzed at the same time points, and the results obtained mirrored those already found for the viral replication assay, showing a delayed but strong inhibitory effect of IFI16 upon viral mRNAs at 48 h after AdVIFI16 infection (both early and late genes) (Fig. 5E) .
Having established that the IFI16 repressive activity is mediated by epigenetic modifications of the viral promoters, we wanted to investigate the viral chromatin configuration in the absence of the IFI16 protein and after its restoration. To this end, second-passage U2OSIFI16null-mcHPV18 cells were analyzed by ChIP assay (as described above), and the amounts of histones and modified histones were evaluated at both the early and late promoters. Consistent with the higher viral replication and transcription rates detected in null cells, considered to be associated with an active chromatin state, the amounts of acetylated and, in particular, dimethylated K4 were significantly (4-fold) higher in IFI16-null cells at both promoter regions than in parental cells (data not shown). In contrast, no significant changes were found in the heterochromatin mark K9. Definitive proof of the repressive IFI16 activity was obtained from ChIP assays after IFI16 restoration, which revealed a significant reduction in dimethylated-K4 levels in AdVIFI16-infected cells compared with AdVLacZ-infected cells (2-fold for both promoters). Dimethylated-K9 levels were also increased in AdVIFI16-infected cells compared with AdVLacZinfected cells (1.8-and 2.5-fold for the early and late promoters, respectively) (Fig. 5F ).
These data confirm the results obtained by transient transfection with siRNA molecules targeting the IFI16 mRNA in NIKS cells and show that IFI16 can repress both viral transcription and replication through epigenetic modifications of the viral promoters.
IFI16 does not colocalize with the HPV18 genome, and its viral restriction activity is independent of IFN response. IFI16 has previously been shown to interact with HSV-1, as well as HCMV, DNA early during infection (24, 32) . To determine HPV18 genome recognition by IFI16 and colocalization, U2OSIFI16null-mcHPV18 or U2OSIFI16null cells were infected with AdVIFI16 and 8 h later analyzed by combined immunofluorescence and FISH that was performed using anti-IFI16 antibodies and a probe for the HPV18 genome. As shown in Fig. 6A , HPV18-FISH-HPV-positive nuclei usually displayed lower expression levels of IFI16 than cells in which the HPV genomes were undetectable by FISH. However, even in the cells where IFI16 was still evident, we failed to detect any colocalization between FISH signal and anti-IFI16 immunofluorescence. The lack of colocalization of IFI16 with the viral genome was also determined by cross-sectional analysis of z-stack image series (Fig. 6A, far right) . This difference in IFI16 expression levels was not observed in nonelectroporated U2OSIFI16null cells, where the efficiency of IFI16 transduction by AdV infection was very high in all the cells (Fig.  6A, far left) . Since FISH-positive cells are usually regarded as cells with a high number of viral genomes resembling the late stage of infection, we cannot exclude the possibility that transient interactions might occur very early during infection that are not detected by this technique.
Since emerging evidence indicates that the IFI16 protein is a mediator of type I IFN induction upon recognition of viral DNA, the supernatants of the cell cultures shown in Fig. 1, 2, 4 , and 5 were analyzed for type I IFN production. As a positive control, supernatants of U2OS cells infected with HSV-1 for 6 h were included in the assay. None of the HPV18-transduced cells expressed type I IFN even after AdVLacZ or AdVIFI16 infection, while it was produced as a consequence of HSV-1 infection (27 U). To definitely exclude the possibility that the interferon response was involved in the observed phenotypes, U2OSIFI16null-mcHPV18 cells were treated for 12 h with anti-IFNAR Ab or an isotype control, infected with AdVLacZ or AdVIFI16, and analyzed for viral replication by qPCR following an additional 48 h of incubation with anti-IFNAR Ab or an isotype control (Fig. 6B) . As expected, viral-DNA loads were reduced ϳ55% at 48 h after AdVIFI16 infection compared with AdVLacZ-infected cells, and this inhibitory effect was not affected by the presence of anti-IFNAR Ab. Total RNA was also extracted from these cell cultures at 24 h after AdV infection and used to detect expression levels of interferon-stimulated genes (ISGs) by qRT-PCR. As a control, U2OSIFI16null-mcHPV18 cells were treated for 12 h with anti-IFNAR Ab or with an isotype control and stimulated with synthetic dsRNA, poly(I·C), for an additional 8 h in the presence or absence of anti-IFNAR Ab, and then total RNA was extracted. We determined the expression levels of RIG-I, IFI27, ISG54, IFIT1, MX1, and MX2 genes, all of which are known ISGs (Fig. 6C) . Following treatment with poly(I·C), the mRNA levels of all the ISGs tested were increased and significantly inhibited by the presence of anti-IFNAR neutralizing antibody. Consistent with the lack of type I IFN production, we failed to detect any induction of the same ISGs in IFI16-overexpressing cells, and their expression levels were unaffected by the presence of anti-IFNAR neutralizing antibody. IFI16-knockout cells and the parental cell line were electroporated with HPV18 minicircle DNA and, at the indicated passage (#0, #2, #3, #5, or #6), total cellular DNA was extracted. Viral replication was measured by qPCR of the DpnI-digested DNA. The levels of glyceraldehyde 3-phosphate dehydrogenase were used to normalize the HPV18 levels. The data shown are the averages of the results of three experiments Ϯ SD (*, P Ͻ 0.05; **, P Ͻ 0.01; unpaired t test). (B) U2OS IFI16-knockout cells at the 2nd passage after HPV18 minicircle DNA electroporation and the parental cell line were infected with AdVIFI16 or AdVLacZ, and at 24 and 48 h after AdV infection, total protein extracts were prepared for Western blot analysis with anti-IFI16 polyclonal antibody or ␣-tubulin as a loading control. Experiments were repeated at least three times, and one representative result is shown. (C) U2OS IFI16-knockout cells at the 2nd passage after HPV18 minicircle DNA electroporation were infected with AdVIFI16 or AdVLacZ, and at 24 and 48 h after AdV infection, total DNA was extracted and used to measure replicated (DpnI-resistant) viral DNA by qPCR. Levels of glyceraldehyde 3-phosphate dehydrogenase were used to normalize the HPV18 levels. The data shown are the averages of the results of three experiments Ϯ SD (**, P Ͻ 0.01; unpaired t test). (D) U2OS IFI16-knockout cells at the 2nd passage after HPV18 minicircle DNA electroporation were infected with AdVLacZ (lanes 1 and 3) or AdVIFI16 (lanes 2 and 4), and 48 h later, total DNA extracts were prepared for Southern blot analysis. All samples contained 5 g of genomic DNA and were digested with DpnI to remove any residual input DNA and with HindIII (with no restriction site in HPV18) (lanes 1 and 2) or DpnI and EcoRI to linearize HPV DNA (with one site in the HPV genome and one in the linker, which gave two bands of 5,113 bp and 2,835 bp) (lanes 3 and 4) . The positions of HPV open-circle (oc) and oligomer forms are indicated on the left of the blots. Standards (HPV18 minicircles digested with EcoRI) corresponding to 10, 100, and 1,000 copies of the HPV18 genome per cell are included on the right (lanes 5, 6, and 7, respectively). The ϳ8,000-bp band corresponds to partially digested minicircle DNA. The Southern blot was hybridized using the complete HPV18 genome as a probe. (E) Total RNA was extracted at 24 and 48 h after AdV infection in U2OS IFI16-knockout cells at the 2nd passage after HPV18 minicircle DNA electroporation and analyzed by real-time RT-PCR to measure the viral mRNAs. The values were normalized to glyceraldehyde 3-phosphate dehydrogenase and are shown as fold changes relative to AdVLacZ-infected cells for each time point. The data shown are the averages of the results of three experiments Ϯ SD (*, P Ͻ 0.05; **, P Ͻ 0.01; unpaired t test). (F) ChIP assay performed with formalin-fixed extracts obtained from U2OS IFI16-knockout cells, at the 2nd passage after HPV18 minicircle electroporation, infected with AdVIFI16 or AdVLacZ for 24 h. ChIP was carried out using antibodies specific to unmodified histone H3 (H3), AcH3, H3K4me2, H3K9me2, or IgG as a control. Immunoprecipitated early and late promoter sequences were measured by qPCR; C T values for the samples were equated to input C T values to give the percentages of input values for comparison. The data shown are the averages of the results of three experiments Ϯ SD (*, P Ͻ 0.05; **, P Ͻ 0.01; unpaired t test). (Right) Lysate samples taken prior to immunoprecipitation (10 l) were used for Western blot analysis with the antibodies for H3 to monitor equal loading.
Altogether, these studies suggested that the role of IFI16 in the inhibition of HPV18 replication was independent of its roles as a viral-DNA sensor and interferon inducer.
DISCUSSION
Through the use of two distinct cellular models, this study provides strong evidence in support of the notion that IFI16 acts as a restriction factor for HPV18 replication. In the first model, an immortalized keratinocyte cell line (NIKS) was used, in which the IFI16 protein was either knocked out through the use of siRNA technology or overexpressed following transduction with the AdVIFI16 vector. In these cells, HPV18 religated genomes were introduced by transfection, and replication was achieved by methylcellulose-induced differentiation. In these differentiated IFI16-silenced NIKS-HPV18 cells, viral-load values were significantly increased compared with differentiated control cells. The second model consisted of U2OS cells transfected by electroporation with HPV18 minicircles, which sustain high levels of viral replication without the need for any differentiation stimuli (40, 57) , thus providing a suitable model for the assessment of IFI16 antiviral activity. In both cell lines, viral genomes were established as stably replicating extrachromosomal plasmids, as demonstrated by Southern blotting. In these cell cultures, IFI16 overexpression by recombinant adenovirus infection severely impaired HPV18 replication, thus confirming its antiviral restriction activity. This activity has also been observed in permanently IFI16-negative cells, where HPV replication was higher and maintained at higher levels during passages in culture than in the parental cell line. IFI16 restoration in these cells was as effective as in the transiently silenced cells with respect to inhibition of HPV replication and transcription. In addition to the inhibition of viral replication, IFI16 was also able to reduce viral transcription, as demonstrated by viral-gene expression analysis in U2OS cells carrying episomal HPV18 minicircles. IFI16 overexpression in these cells affected both early and late mRNAs, as shown by qPCR, independent of the number of viral templates available.
Definitive support for the inhibitory action of IFI16 on viral transcription came from the experiments performed using the integrated HPV18 genome in HeLa cells. Once again, we showed that the transcriptional activity of the HPV18 promoter became inhibited following IFI16 overexpression by recombinant AdV infection. Accordingly, transient transfection of an LCR-driven luciferase reporter vector showed reduced transcriptional activity upon IFI16 overexpression. A mutation in the Sp1 binding site reduced the promoter activity by about 50%, as well as the inhibitory activity of IFI16.
In a previous study, we demonstrated that IFI16 restricted HCMV replication through a mechanism involving the IFI16-mediated blockade of Sp1-dependent transcription of the gene encoding the viral DNA polymerase (32) . However, emerging evidence indicates that IFI16 may exert its effects via various mechanisms that similarly result in genome regulation (58) . Consistent with this scenario, two recent papers demonstrated that nuclear IFI16 promotes the addition of heterochromatin marks and yet reduces the number of euchromatin marks on the HSV-1 genome (33, 59) . Accordingly, in the present study, we found that (i) both the early promoter (containing the Sp1 binding site) and the late promoter (lacking any canonical Sp1 binding site) were inhibited by IFI16 overexpression, indicating that its action was not restricted to Sp1 interference, and (ii) the chromatin states at both the early and late promoters were substantially modified by IFI16 overexpression, exhibiting a reduction in the levels of acetylated H3 and dimethylated K4, and both promoters were associated with increased levels of the repressive forms of histone modifications, such as dimethylated K9. Our results are fully consistent with those of a previous study that analyzed the chromatin states at both the early and late promoters using cells that stably maintain HPV31 episomes (55) . The study showed that in undifferentiated cells the chromatin surrounding both early and late viral promoter regions revealed an open, transcriptionally active state with dimethylated forms of histone H3K4, as well as acetylated histone H3. A similar pattern of chromatin structure was found here in our own experimental setting, indicating that the HPV genomes are promptly chromatinized once introduced into the cells by electroporation or other transfection techniques. The chromatin structure of HPV DNA is crucial, because viral DNA entering the nucleus might have different epigenetic or chromatin marks that could be detected by intrinsic viral defenses, whereas longterm-replicating genomes might have acquired different chromatin marks that make it indistinguishable from host DNA. Here, we show that as early as the first passage after electroporation in U2OS cells, the HPV genomes contain modified H3 histones consistent with those observed in HeLa cells containing integrated HPV18 genomes and previously reported for HPV31 and other genotypes (55, 60, 61) ; moreover, this configuration was maintained over time. In contrast to previous reports arguing that IFI16 can silence only naked DNA (59) , our results clearly demonstrate that it can also inhibit viral DNA in the form of nucleosomal chromatin. One possible explanation for this discrepancy could lie in the different kinetics of the experiments and the cell lines used. In the study by Orzalli and colleagues (59), IFI16 activity was evaluated at 48 h following the transfection of simian virus 40 (SV40) DNA into human fibroblasts, while in our case, keratinocytes or U2OS osteosarcoma cells were used and later time points were studied following transfection. Here, we propose that IFI16 promotes the addition of heterochromatin marks and the reduction of euchromatin marks on viral chromatin, thus reducing both viral replication and transcription. It remains to be explained how IFI16, which is already present in the nuclei of keratinocytes and U2OS cells, can distinguish foreign from self-DNA and selectively engage foreign DNA. Consistent with what we observed for HSV-1 replication, we show that IFI16 inhibits HPV18 replication in multiple cell types, suggesting that this effect is general and not likely to be cell type dependent (33) .
Another aspect that needs to be further investigated is whether IFI16 binds the HPV genome and whether this interaction might lead to any activation of innate immunity, such as inflammasome or IFN production. We failed to detect any type I IFN production, as well as ISG induction, in our in vitro setting, and addition of neutralizing anti-IFNAR antibodies did not affect the IFI16 antiviral activity. Combined immunofluorescence with anti-IFI16 antibodies and FISH analysis with the HPV18 genome did not reveal any colocalization between IFI16 and HPV18-positive FISH signal. Although further studies are required to exclude any transient interactions occurring at the earlier times of infection, it seems that, at least in our experimental model, the IFI16 inhibitory activity is independent of its roles as a DNA sensor and IFN inducer. These results are fully consistent with those previously reported by our groups for HCMV and HSV-1, demonstrating that IFI16 viral restriction is independent of the roles it plays in the inflammasome and interferon responses (32, 33) .
IFI16 is composed of two domains, namely, one N-terminal pyrin domain (PYD) (IFI16 PYD ) followed by two HIN200 domains (IFI16 HinA and IFI16 HinB ). The HIN200 domains nonspecifically bind various single-stranded DNA (ssDNA) and dsDNA fragments on the phosphate backbone via electrostatic interactions, with a footprint of 8 or 9 bases, thus confirming that the DNA sequence (e.g., the CpG island) is not a recognition element (58, 62) . On the other hand, the PYD constitutes a homotypic protein-protein interaction domain whose function is thought to be limited to recruiting downstream effectors (63) . IFI16 binds dsDNA in a nonlinear length-dependent manner and forms oligomers that are clearly different from entities resembling beads on a string (28) . Although the viral genome is packaged into chromatin with host histones, it should be less dense and much more loosely packed than the nuclear self-DNA, thus allowing robust filament assembly of IFI16 and formation of signaling foci. This is the first report showing IFI16 antiviral activity against a member of the papillomavirus family and the fourth to describe its activity as a viral restriction factor, while many studies have reported its role in innate immune responses against herpesviruses (18, 20, 21, 29) . The first report, by Orzalli et al. (59) , found that nuclear IFI16 acts as a restriction factor against ICP0-null HSV-1 in fibroblasts, limiting viral replication and immediate-early (IE) gene expression. The second paper was the result of work by our group and demonstrated that another member of the herpesvirus family, namely, HCMV, is restricted by this nuclear protein in fibroblasts (32) . The third study showed that IFI16 prevents association of important transcriptional activators with wt HSV-1 promoters and suggested potential mechanisms of IFI16 restriction of wt HSV-1 replication and a direct or indirect role for IFI16 in histone modification (33) .
Papillomaviruses and herpesviruses share a very important commonality, that is, nuclear replication in target cells that naturally express IFI16, thus providing IFI16 with the opportunity to interfere with their replication and transcription. Orzalli and coworkers propose a model in which nuclear IFI16 in fibroblasts binds to nonnucleosomal DNA when introduced into the nucleus by transfection or herpesvirus infection (59) . Thereafter, IFI16 undergoes a conformational change upon DNA binding that allows the recruitment of histone modification enzymes that promote heterochromatic modifications on the exogenous DNA, compaction of the chromatin, and silencing of viral IE gene promoters. Our working hypothesis is very consistent with this, although in our case, the IFI16 repressive activity, through the reduction of euchromatin marks and addition of heterochromatin marks, is also active on nucleosomal HPV DNA. Considering that the papillomavirus genomes packed into virions are organized in the form of specifically positioned nucleosomes packaged into chromatin while during herpesvirus infection the viral genomic DNA is nuclesome free, one would expect that IFI16 could also silence chromatinized viral DNA in order to protect cells from the variety of viruses that replicate in the nuclear compartment. In accordance with this hypothesis, IFI16-induced modifications in the chromatin structure of the HPV18 genomes were observed in every cell line used in this work, including HeLa cells harboring integrated genomes. Reduced levels of dimethylated H3K4 in IFI16-overexpressing cells were consistently found in all experimental settings, while increased levels of the heterochromatin mark (dimethylated H3K9) were more prominent in U2OS cells.
The IFI16 restriction activity seems to be different and more long lasting than that reported for Sp100, which was shown to be confined to the early phases of HPV replication, since once viral genomes were established as stably replicating extrachromosomal plasmids, Sp100 downregulation had no effect on viral transcription and replication (64) .
Overall, the results presented in this study congruently demonstrate that the actions of IFI16 contribute to a cell's intrinsic repression mechanism for HPV replication and gene expression. It remains to be determined, however, how the virus counteracts IFI16 activity and shifts the balance toward viral evasion and its consequent growth.
